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Abstract

This paper reports a photophysical investigation of a series of phenylene ethynylene oligomers
(OPE) that are end-substituted with a 1,8-naphthalene imide (NI) acceptor. The NI acceptor is
attached to the terminus of the phenylene ethynylene oligomers via an ethynylene (-C=C-) unit
that is linked at the 4-position of the NI unit. A series of three oligomers is investigated, OPE1-
NI, OPE3-NI and OPES-NI, which contain 1, 3 and 5 phenylene ethynylene repeat units,
respectively. The properties of the OPEn-NI series are compared to a corresponding set of
unsubstituted OPEs, OPE3 and OPES, which contain 3 and 5 phenylene ethynylene repeats,
respectively. The photophysics of the all of the compounds are interrogated by a variety of
techniques including steady-state absorption, steady-state fluorescence, 2-photon absorption, time-
resolved fluorescence and transient absorption spectroscopy on femtosecond to microsecond
timescales. The effect of solvent polarity on the properties of the oligomers is examined. The
results show that the NI-substituted oligomers feature a lowest charge transfer (CT) excited state,
where the OPE segment acts as the donor and the NI moiety is the acceptor (OPEn""-NI""). The
absorption spectra in 1-photon and 2-photon exhibit a clear manifold of absorption features that
can be attributed to direct CT absorption. In moderately polar solvents, the emission is dominated
by a broad, solvatochromic band that is due to radiative decay from the CT excited state. Ultrafast
transient absorption provides evidence for initial population of a locally excited state (LE) which
in moderately polar solvents rapidly (~1 ps) evolves into the CT excited state. The structure,
spectroscopy and dynamics of the CT state is qualitatively similar for OPE3-NI and OPE5-NI,
suggesting that delocalization in the OPE segment does not have much effect on the structure or

energetics of the CT excited state.



Introduction

Electron transfer (ET) is a fundamental step involved in important chemical and biological
processes, such as light-harvesting, energy conversion and energy storage.!”> Electron transfer and
charge transport in organic conjugated materials are essential processes in the function of organic
solar cells and other organic electronic devices.” As such, theoretical and experimental research
on photoinduced ET in n-conjugated molecules (e.g., donor-bridge-acceptor systems) have been
conducted to improve understanding of the mechanism that controls this process. ! 2!

A variety of m-conjugated “molecular wires” have been designed to study the ET process,
including systems containing oligofluorene,?? oligothiophene,> oligo-phenylenevinylene,?* and
oligo(phenylene ethynylene) (OPE)?® as a bridge. Despite considerable efforts on these -
conjugated molecules, most of the reports, especially on OPE-based systems, have been limited to
using the conjugated segments as bridges between donor and acceptor moieties. There is much
less research on molecules where the conjugated segment acts as the electron donor and is linked
to an acceptor.? 26 Interest in these systems comes from the need to understand the effect of
conjugation length and delocalization on the charge separation and recombination processes.

These effects are relevant to the primary steps in charge carrier generation in organic solar cells.?’

In previous work we and others have explored acceptor-substituted conjugated oligomers featuring
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fullerene**" or diimide acceptors . In most cases, the oligomer-acceptor systems are weakly
coupled, and therefore photoinduced and return ET occur via non-adiabatic pathways. Due to the
weak coupling, direct radiative decay of the charge separated state (via charge transfer emission)
is not observed. However, several recent reports have shown that by use of the I,8-

naphthaleneimide (NI) acceptor on oligofluorenes and oligothiphenes gives rise to donor-acceptor

systems where charge transfer (CT) emission is observed.3?3



Herein, we report the synthesis and photoinduced electron transfer investigation of a series of
oligo(phenylene ethynylene)s that are capped with a 1,8-naphthalimide electron acceptor (OPEn-
NI). The effects of length of the OPE segment and solvent polarity on the dynamics of
photoinduced charge separation and recombination were investigated. For this purpose, the OPE
segment length was varied, with n = 1, 3 and 5 (Chart 1). Changing the length of the
oligophenylene ethynylene changes the energetics and the structure/delocalization of the charge
separated state. In contrast to work previously reported for the related OPEs substituted with a
weakly coupled naphthalene diimide acceptor,?® incorporating the NI group as an acceptor gives
rise to systems with strong emission from a CT state, thus facilitating spectroscopic
characterization. The experimental findings from the OPEn-NI compounds reveal the strong

impact of donor chain length and solvent properties have on the ET rates.

Chart 1. Structures of OPEn (n=3 and 5) and OPEn-NI (n=1, 3 and 5) oligomers.
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Experimental Section

Instrumentation and Methods. 'H and '*C NMR spectra were recorded on Inova2 (500
MHz) and Bruker Ascend TM (300MHz and 500MHz) spectrometers in CDCls;. Chemical shifts
(0) were reported in parts per million (ppm) using CDCI3 as solvents and were referenced to
residual solvent peaks. High-resolution mass spectrometry was performed with a Bruker Daltonics
Ultraflextreme MALDI-TOF/TOF mass spectrometer in the Chemistry Department at the
University of Texas, San Antonio.

UV-Visible spectra were acquired on a Shimadzu UV-1800 dual beam absorption
spectrophotometer. Photoluminescence spectra were recorded on an Edinburgh Instruments FLS
1000. Fluorescence lifetimes were collected Time-Correlated Single Photon Counting (TCSPC)
technique in a PicoQuant FluoTime 300 Fluorescence Lifetime Spectrophotometer (PicoQuant
PicoHarp 300 module). A Ti:Saphire laser (Coherent Chameleon Ultra) was used as excitation
source. The Chameleon laser provides pulses of 80 MHz, which were sampled using a Coherent
Model 9200 pulse picker to provide excitation pulses at 4000 kHz repetition rate and was
frequency doubled using a Coherent second harmonic generator. Excitation wavelength of 340 and
370 nm were chosen for the oligomers and the instrument response function (IRF) was measured
by using a Ludox scattering solution. The concentration of OPEnNI solution was 1076 M.

The 2PA measurements were obtained by two-photon-induced fluorescence technique.’’
A Coherent Chameleon Ultra Ti:Saphire laser was used as excitation source. The signal beam
wavelength was tunable from Aex = 680 to 1000 nm. The pulse energy was adjusted by passing the
beam through an achromatic half-wave plate (Thorlabs) and polarizing beamsplitter cube
(Thorlabs). The samples were placed behind a f'= 12.5 cm focusing lens. The fluorescence spectra

were collected in Photon Technology International (PTI) spectrophotometer. The 2PA spectra



were obtained by measuring the intensity of the two-photon excited fluorescence spectrum as a
function of the excitation wavelength and normalized to the square of the power at the specific
excitation wavelength. The relative 2PA spectra were correct to absolute cross-section.*® The
absolute 2PA cross-section were determined using the equation 1 and the BDPAS as reference

standard.

_ Fz,s(lreg)crnr(lreg)
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where o, is the two-photon cross section, F,(A,¢4) is the two-photon excited fluorescence
intensity at a specific registration wavelength, C,. is the concentration, and 7(4,.4) is the
absorbance corrected differential quantum efficiency at a specific registration wavelength. In
equation 8, the subscripts s and r refer to the sample and reference, respectively. The
concentrations used for the calculation were obtained from Beer’s Law. The absorbance-corrected

differential quantum yield was calculated according equation 2.

Fy (Areg)

(Areg) = S0 @

where A4 is the absorbance at the excitation wavelength and F;(4,.4) is the one-photon
fluorescence intensity at the registration wavelength.

Nanosecond transient absorption spectroscopy measurements were collected in LP980
Spectrometer (Edinburgh Instruments) combined with a Continuum Surelite series Nd:YAG laser
(Aex=355 nm, 10 ns fwhm and 4 mJ/pulse). Transient studies were carried in HPLC grade
tetrahydrofuran (THF) and 1:3 acetronitrile/THF mixtures for the intermolecular charge transfer

experiment. Oligomers concentrations were adjusted to give an optical density ~0.6, at 355 nm.

The samples were deoxygenated for 30 nm prior the measurements. Triethylamine (TEA) was



used as electron acceptor in the intermolecular charge transfer experiment at a concentration of 5
mM.

Femtosecond time-resolved transient absorption spectroscopy (fs-TA) measurements were
performed using a broadband (350-1600 nm) pump-probe femtosecond transient absorption
spectrometer HELIOS, Ultrafast Systems equipped with UV-visible and near-IR detectors. An
amplified femtosecond Ti:Sapphire laser system (Astrella, Coherent, Inc.) displaying at 800nm
with pulse width of 100 fs and 1 kHz repetition rate coupled with an optical paramagnetic amplifier
(Coherent) was used for pulse pump generation. Probe light in the visible and near-infrared was
generated by passing a small portion of the 800 nm light from the Ti:Sapphire laser through a
computerized optical delay and focusing in a sapphire plate or a proprietary crystal to generate
white-light continuum (VIS and NIR). The sample solutions were constantly stirred to avoid
photodegradation. Transient absorption data were analyzed using global analysis and singular
value decomposition (SVD) by Surface Xplorer PRO program from Ultrafast Systems.

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were performed using
a Bioanalytical Systems CV50W electrochemical analyzer at a sweep rate of 100 mV/s. The three-
electrode setup consisted of two platinum wires as working and auxiliary electrodes and silver
chloride/silver as reference electrode. Samples were prepared in dry dichloromethane with 0.1M
tetrabutylammonium hexafluorophosphate as supporting electrolyte and degassed with nitrogen
flow for 30 min before the measurements. Electrochemical potentials were calibrated against a

ferrocene/ ferrocenium standard in dichloromethane.



Results and Discussion

Synthesis of Building Blocks and Designed Compounds. The series of oligo-phenylene
ethynylene-naphthalimide compounds, OPEn-NI (n = 1, 3 and 5) and model compounds, OPEn (n
=3 and 5), were synthesized via Sonogashira coupling reactions. Complete details regarding the
synthesis and characterization are given in Supporting Information. The NI acceptor was used in
this investigation with the expectation that fluorescence from the OPE — NI charge transfer
excited state would be observed. This expectation was based on previous work on a variety of m-
conjugated chromophores that are substituted with the NI acceptor, including oligo- and
polyfluorenes and oligothiophenes 3233 36

Linear Absorption and Photoluminescence Spectroscopy of OPEn and OPEn-NI Series.
The photophysical properties of the OPEn and OPEn-NI compounds were studied in solvents with
varying polarity and the results are summarized in Table 1. Figure 1 shows the absorption and
fluorescence spectra of the two series of oligomers in three representative solvents: hexane,
tetrahydrofuran (THF) and dichloromethane (DCM). Spectral data obtained in a more complete
set of solvents with varying polarity are provided in the Supplementary Information. The OPEn
series (n = 3 and 5) exhibit the typical spectral features of conjugated phenylene-ethynylene
compounds, namely strong absorption in the UV-visible region and a narrow fluorescence feature
accompanied by a vibronic band.***! The absorption and fluorescence bands are red-shifted upon
increasing the number of phenylene ethynylene units, but they show very little dependence on
solvent, consistent with the lack of polar character in the ground and excited states.

The spectral features of OPEn-NI are clearly distinct from those of OPEn. The absorption
spectrum of OPE3-NI (Figure 1g) exhibits two well-resolved absorption bands. The band at 330

nm is at a similar wavelength range compared to the OPE3 absorption peak, which is assigned to



be a locally excited (LE) absorption arising from the OPE segment. The longer wavelength
absorption around 400 nm is due to a charge transfer (CT) absorption, since this band broadens
and red shifts with increasing solvent polarity. The absorption spectrum of OPES-NI (Figure 11)
features a single broad absorption band, due to the superposition of the LE and CT absorptions.
Note that the long wavelength side of the absorption of OPES5-NI reveals a solvent dependence
consistent with CT character.

As shown in Table 1, both OPE3 and OPES are strongly fluorescent with high fluorescence
quantum yields. The fluorescence spectra of the OPEn series exhibit little change as the solvent
polarity is increased. By contrast, upon increasing the solvent polarity, the fluorescence of the
OPEn-NI oligomers broadens and red-shifts. This solvent dependence of the fluorescence is
attributed to intramolecular charge transfer (CT) state emission. It should be noted that only a small
shift in the maximum fluorescence wavelength was observed from OPE3-NI to OPE5-NI,
suggesting that the charge-transfer in OPES5-NI is mainly localized in the first three or four OPE
units linked to NI moiety. Note that for OPE3-NI and OPES5-NI, the fluorescence spectra not only
displayed the CT characteristic peak at above 500 nm, but also exhibited a weak fluorescence band
at higher energy (~400 nm) that resembled the corresponding OPEn emission spectrum. These

features suggested that in the oligomers, both CT state and a LE state are emissive.
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Figure 1. Optical spectra of oligomers in hexane (black), THF (red) and DCM (blue). (a)
Absorption and (b) fluorescence spectra of OPE3. (¢) Absorption and (d) fluorescence spectra of
OPES. (e) Absorption and (f) fluorescence spectra of OPE1-NI. (g) Absorption and (h)
fluorescence spectra of OPE3-NI. (i) Absorption and (j) fluorescence spectra of OPES-NI Samples
were excited at 340 nm.
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Fluorescence decay kinetics measurements were performed to study the dynamics in OPEn
and OPEn-NI. The emission monitored at the respective band maxima indicate that OPEn series
feature a mono-exponential decay attributed to the singlet excited state. An increase in the OPEn
oligomer chain length leads to a slight decrease in the fluorescence lifetime (Table 1). Previous
reports attributed this behavior to an increase in the radiative decay rate with oligomer length.*2-44
While no significant solvent effect in the fluorescence lifetime was observed for OPEn series, the
situation is different with the inclusion of the NI moiety. The fluorescence decays for OPEn-NI
series were fitted by a biexponential function, and the relative amplitude and lifetime of the
components are affected by solvent polarity. The longer-lived decay component (t2) is clearly due

to a CT state, as the amplitude and lifetime increases with solvent polarity.

Table 1. Summary of photophysical properties of OPEn and OPEn-NI oligomers.

Sample Solvent € (M'1 ~cm'1) Aem(nm) ol “

T, (ns) T,(ns)
OPE3 hexane 1.3x10° 351 0.83 0.67 -
OPE3 THF 4.8x10% 353 0.63 0.70 -
OPE3 DCM 7.2x10° 355 0.68 0.70 -
OPES hexane 1.5x10° 397 0.70 0.57 -
OPE5 THF 1.6x10° 400 0.71 0.60 -
OPE5 DCM 1.4x10° 402 0.79 0.62 -
OPE1-NI hexane 5.3x10* 396 0.39 0.09 (0.2) 1.32(0.8)
OPE1-NI THF 3.6%10°% 429 0.40 0.11 (0.2) 1.58(0.8)
OPE1-NI DCM 4.9%10% 435 0.48 0.27 (0.2) 1.65(0.8)
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OPE3-NI hexane 42x10° 438 0.27 0.29 (0.2) 1.32(0.8)

OPE3-NI THF 3.6x10* 499 0.91 0.41 (0.1) 2.03 (0.9)
OPE3-NI DCM 3.4x10" 532 0.85 - 2.48
OPES5-NI hexane 1.4x10° 441 0.66 0.47 (0.2) 1.10 (0.8)
OPES5-NI THF 5.8x10* 503 0.64 0.73 (0.1)  1.90 (0.9)
OPES5-NI DCM 1.7x10° 546 0.51 0.63 (0.1) 2.37(0.9)

*Fluorescence quantum yields were measured using quinine sulfate in 0.1 M sulfuric acid (®r = 0.54) as the reference.
°Lifetimes were measured using time-correlated single photon counting (TCSPC) method, all the samples were excited
at 340 nm and the decays were monitored at maximum fluorescence wavelength.

Two-Photon Absorption (2PA) Spectroscopy. Two-photon absorption (2PA) has been used
to determine the changes in the dipole moment, Ay, in centrosymmetric and noncentrosymmetric
chromophores.*> Furthermore, 2PA can be a helpful tool to study the effect of solvents,
conjugation length, and to aid assignment of charge-transfer transitions in D-A systems.*6*” As
such, we applied the two photon excited fluorescence method (2PEF) to measure the two-photon
absorption (2PA) spectra of OPEn and OPEn-NI compounds in various solvents and the data are
summarized in Figure 2.37-484°  First, Figure 2a compares the 2PA spectra of OPEn and OPEn-NI
in hexane solvent. Here it is seen that the OPEn series exhibit a single 2PA band around 690 nm
and the cross-section 0,p, increases with OPE chain length. This enhancement in the o,p,4 has
been ascribed to an effective increase in n-delocalization due to increase in conjugation length.*

Secondly, as can also be seen in Fig. 2a, the OPEn-NI series exhibit two sets of 2PA bands:
one with A ~ 690 nm and a second series of bands in the range A ~ 750 - 900 nm. More detailed
comparisons of the one photon and 2PA spectra are shown in Figures 2b-d for each OPEn-NI

oligomer in two solvents. Here it can be seen that the bands in the 2PA spectra occur very close
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Figure 2. (a) 2PA cross section spectra of OPE and OPEn-NI in hexane. Expanded 2PA cross
section (solid lines) and corresponding normalized 1PA (dashed lines) spectra of (b) OPE1-NI, (c)
OPE3-NI and (d) OPE5-NI in hexane (black) and DCM (blue). Axis at bottom of each plot is the
2PA wavelength, and the axis at top is the corresponding wavelength in 1-photon (1PA).

to 2, where A is the absorption wavelength in the one photon spectra. It is known that the selection
rules are different for one- and two-photon absorption for centrosymmetric molecules.* In the
OPEn-NI, these selection rules are not expected to be adhered to due to the asymmetry of OPEn-
NI chromophores. Due to this, the 2PA transition is expected to be degenerate with the
corresponding transition in the one photon spectrum. Thus, the bands in the 2PA spectra at higher
energy are likely to be due to the OPE-localized excited state, whereas those at lower energy are

due to the OPE to NI charge-transfer state. Moreover, note that the OPEn-NI oligomers exhibit

significantly larger o2pa compared to the OPE model compounds at 690 nm. In OPEn-NI, besides
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the extension of conjugation, a highly polarized electronic structure is created by incorporating the
NI acceptor, which enhances the g,p4.°

Figure 2b, ¢ and d display the 2PA spectra for OPEn-NI (n = 1, 3 and 5) series in different
solvents, DCM and hexane. Compared to hexane, the OPEn-NI chromophores in DCM showed
slightly larger o,p, values. Similar observation were reported for other donor-acceptor systems,
and attributed to changes in the electronic structure caused by an increase in the charge separation

aided by solvent.4% 5!

Also of interest is that there is an emergence of a clearly resolved feature
at low energy in the OPEn-NI 2PA spectra in DCM. The position of this feature mirrors the
broadened tail in the corresponding one-photon absorption spectra, and supports the assignment
of the lower energy manifold of bands to the OPE to NI charge transfer absorption.

To further investigate the relationship between the CT absorption and the oligomer conjugation

length, we calculated the dipole moment difference, |Ap,p,| , between the CT and ground states

based on quantitative measurement of the o2pa according to following equation,*

3)

1
5 nc’hNy4  0Ozpa ) /2
12x103mIn10  f2  &naxdipa

|Auzpal = (
where 0,p, is the 2PA cross section (in cm* s), ¢ is the speed of light (in cm s7!), 4 is the Planck
constant (in erg s), /= (n> + 2)/3 is the optical local field correction factor, e€max is the molar
extinction coefficient (in M em™!), Aipa is the 1PA transition wavelength for the CT (in cm), and
Na is Avogadro’s number.
Table 2 lists the computed dipole moment difference values for the OPEn-NI. The |Au,pyl
value obtained turns out to be smallest for OPE1-NI and is larger for OPE3-NI and OPES5-NI. We
also calculated the dipole moment difference, |Augs|, using the solvatochromic shift method (also

called Lippert-Mataga method).>? In particular, by using equation 2, the dipole moment difference

the OPEn-NI can be determined by the correlation of the Stokes shift (Av) with the orientational
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polarizability of each solvent, where v, and v. are the CT absorption and CT fluorescence maxima
energies, respectively, / is the Planck constant, c is the light speed, » is the molecular Onsager
radius, Au is the difference between the CT and ground state dipole moments. f (&, n) is a function

described in equation 4 that depends on the dielectric constant, &, and the refractive index of

solvent, n.
2 (Ap\2
AVZVa_VeZE(r_‘:) fle,n)+C 4)
e—-1 n2-1
flen) = (23+1 B 2n2+1) )

Figure 3 shows the plots of the Stokes shifts as a function of the orientational polarizability for
the OPEn-NI series, and |Augg| is determined from the slope of the plots. Reasonably linear
correlations were obtained for the variations of Av vs f (&, n) (from hexane, € = 1.89, to DMF, ¢

=36.7) and the computed values of |Augg| are listed in Table 2.
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Figure 3. Stokes shifts as a function of the orientational polarizability of OPEn-NI.
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Table 2. Difference in dipole moments between the ground and charge-transfer state of OPEn-NI

series.
|A“2PA *(D) |A'“55 |b(D)
OPEI1-NI 11 11
OPE3-NI 20 22
OPES5-NI 14 29

2 Calculated by Equation 1. ¢ Calculated by Equation 2.

The large change in the dipole moment in the OPEn-NI reflects the fact that their excited state
is much more polar than the ground state. The difference between the ground- and excited-state
dipole moments (Au ) is proportional to the degree of charge separation that occurs on
photoexcitation. Thus, from the results in Table 2, it is expected that OPE3-NI and OPES5-NI have
a higher degree of photoinduced charge separation compared to OPE1-NI and the OPEn oligomers.
Comparing the Au determined by the two methods, OPE1-NI and OPE3-NI exhibit analogous
values. On the other hand, a discrepancy in the values is noted for OPE5-NI. In particular the Au
obtained from the fluorescence solvatochromism exceeds that determined from the 2PA
absorption. A possible explanation for this deviation is related to the fact that the difference dipole
deduced by the solvatochromic method is dependent on the Onsager cavity radius, ». Onsager
theory®® describe the interaction of solute, placed in a spherical cavity, with the surrounding
dielectric medium. Thus, the cavity radius is a parameter that defines how the solvent reaction
field is coupled to a point dipole located at the center of the cavity. First, the oligomers herein
reported are not spherical, which can cause a discrepancy in 7, and consequently in Au. Second,
since the donor and acceptor are different in size, it is possible that the point dipole is not located
at the cavity center, leading to an overestimation of Augg. One the other hand, the Ap,p, does not
depend on the exact location of the charges within the molecule.’® Thus, the Au,p, value for

OPES-NI is consistent with our assumption that upon transition from the ground state to the singlet
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excited state the charge distribution responsible for Ay is mostly localized on the first few repeats
of the OPE segment.

Triplet Excited State and Bimolecular Electron Transfer. Nanosecond transient
absorption spectra were acquired in THF to study the triplet transient absorption properties of the
OPEn series. After excitation, the spectra were dominated by triplet-triplet (TT) absorption as
shown in Figure S25. OPE3 showed a TT absorption at about 500 nm, and OPES5 showed a red-
shifted TT absorption because of the increasing of conjugation length. This trend has been reported
previously for other phenylene ethynylene oligomers.2%4° The intensity of the transient absorption
decreased with increasing conjugation length, possibly due to a lower intersystem crossing yield
for longer oligomers.?® 4+ OPE3-NI and OPE5-NI did not show any transient absorption signals
in the nanosecond-microsecond time domain, which indicated the existence of photoinduced
charge transfer, and thus quenched the triplet formation.

To gain more insight of the spectra of the reduced state of the OPEn-NI oligomers, a
bimolecular photoinduced ET experiment was performed using OPE1-NI as electron acceptor and
triethylamine (TEA) as electron donor. Figure 4 depicts nanosecond transient absorption spectra
of OPE1-NI in the presence of triethylamine (TEA, ¢ =5 mM). At early time (50 ns), OPE1-NI
showed a transient absorption at about 565 nm which is due to the triplet excited state, which then
started to decay. Concomitant to the triplet decay, a new set of bands appeared at 400 - 550 nm.
These bands are attributed to the absorption of the anion radical OPE1-NI" produced by
photoinduced ET from TEA to OPEI1-NI, as described in Equation 6. The transient absorption
peaks at 440 and 480 nm are due to the formation of OPE1-NI radical anion as shown in equation
6.

30PEI-NI* + TEA —> OPEI-NI" + TEA*™ (6)
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Figure 4. Transient absorption spectra of OPE1-NI with 5 mM TEA in deoxygenated 2:3
acetonitrile/THF solution (Aexc = 355 nm, 4 mJ/ pulse, 50 ns delay (red) and 10 ps (blue) delay).

Intramolecular Photoinduced Electron Transfer in OPEn-NI Oligomers. Femtosecond
transient absorption spectroscopy was employed to study the dynamics of photoinduced
intramolecular electron transfer in the OPEn-NI oligomers. To better understand the nature of the
OPEn-NI dynamics, control experiments were carried out on OPE3 and OPES5 to characterize their
excited state absorption (ESA).

The transient absorption of OPE3 and OPES in different solvents (hexane, THF and DCM)
upon laser excitation are shown in Figure 5 and Supplementary Information. The transient
absorption for OPE3 was studied in three solvents (Figure 5a and Figure S26), and in each case it
is dominated by a band with maximum absorption at 613 nm at early time.?® OPES5 (Figure 5b and
Figure S26) exhibited a weak stimulated fluorescence at 430-500 nm and two distinct absorptions
at 648 and 845 nm. The singlet excited state absorptions for OPE3 and OPES are in agreement
with previous reports.*® 42 At longer time delays (t > 3 ns), bands centered at 510 nm for OPE3
and 655 nm for OPES5 appear due to the triplet state. For both oligomers the band closely resembled

the triplet-triplet absorption spectra observed by nanosecond-microsecond transient absorption
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(Figure S25). Taken together, the solvent dependent transient absorption studies on OPE3 and
OPES reveal that there is little variation of the spectra for the singlet or triplet states with solvent
polarity. The picosecond TA decay dynamics (Table S2) for both oligomers exhibit two
components. For OPE3, these two components are possibly due to a fast (~90 ps) and slower
(~700 ps) singlet excited state decay. For OPES, we believe that the fast component (~10 ps) is

due to conformational relaxation in the singlet state due to phenylene torsions,** >4

and the long
component to the singlet excited state decay lifetime, which is in good agreement with the

fluorescence lifetime (Table 1).
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Figure 5. Ultrafast transient absorption spectra of (a) OPE3 in DCM, (b) OPES5 in DCM, (¢) OPE3-

NI in hexane, (d) OPE5-NI in hexane, (¢) OPE3-NI in DCM and (f) OPES5-NI in DCM at the

indicated delays following a 340 nm laser excitation pulse for the OPE3 series and at 370 nm for
the OPES series.
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The ultrafast transient absorption spectra for the OPEn-NI oligomers are distinctly different
from those of OPEn oligomers. The time evolution of the transient absorption spectra of OPEn-NI
(n =3 and 5) in hexane (Figure 5c and 5d) was measured over a large spectral domain, with two
prominent excited-state absorption bands with maxima around 590-635 nm, assigned to the locally
excited state absorption of the oligomer, and the second one 850-870 nm, due to delocalization of
the excitation into the NI moiety. The excited-state spectra of OPE3-NI and OPES5-NI in polar
solvents show notable differences compared to hexane. In DCM (Figure 5e and 5f), as the delay
time increased on the 1 - 30 ps time scale, the LE state band around 550-570 nm decays rapidly,
and concomitantly new bands around 490 and 650 nm appeared. These bands slowly decayed on
the time scale of 50 ps - 7 ns. These absorption features are clearly due to the charge separated
state OPE5*"-NI~, with the strong band around 490 nm due to the formation of NI and at 650 nm
to the OPE*.2¢

The transient absorption spectra of OPEn-NI (n= 3 and 5) series reveal major differences in
the features with the increase in the donor chain length and solvent polarity. In order to understand
the dynamics of charge separation and recombination, the femtosecond transient absorption of
OPEn-NI were monitored at 590 nm (Figure 6a and b) and 480 nm (Figure 6¢ and d),
corresponding to the relaxation from a LE state to a CS state and rise of the NI absorption,

respectively.
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Figure 6. Normalized femtosecond transient absorption kinetics at (a) 590 nm and (c) 480 nm for
OPE3-NI and at (b) 590 nm and (d) 480 nm for OPES5-NI in different solvents. The kinetics were
normalized by the AA values at 480 nm and 590 nm from Figure 5. In each kinetic trace, the
maximum value at any time delay was normalized to 1.0 (or -1.0 for traces with negative AA
values).

Figure 6 shows the time profiles of OPEn-NI in three different solvents (hexane, THF and
DCM). The OPEn-NI kinetics traces in hexane were fitted by a biexponential function (Table S2).
These two components can be clearly seen in Figure 6a and b as a rising signal followed by a decay
component. In hexane the kinetics reflect the formation and decay of one excited state which is
attributed to the LE singlet state, with the TA decay dynamics correlating well with the emission

decay kinetics in the same solvent (Table 1). It is clear from Figure 6 that the more polar THF and

DCM solvents induce a dramatic change in the kinetics associated to the depopulation of the LE
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and formation of the CT state. The kinetics in the more polar solvents are represented by a
multiexponential fit. The decay traces at 490 nm (Figure 6¢ and d) associated with formation of
the NI followed by the charge recombination (in THF and DCM) were fitted with multiple
components. The first time constant, 11 (Table S2), is an ultrafast component (~1 ps) and can be
assigned to the forward electron transfer (ET), while 14, is decay of the CT state via charge
recombination (~ 1.5 - 2.5 ns). The origin of 13 component is not clear, it may be related to
structural relaxations in the CT state associated with torsion along the oligo(phenylene ethynylene)
chains that influences the stability and delocalization of the (+) charge (polaron) that resides on
the conjugated segment. The considerable increase in the forward ET rates in the more polar
solvents is attributed to the increase of driving force for ET from the locally excited state. This
point will be explored more fully below through energetics calculations. The forward ET rates
slightly decrease as the oligomer length increased. However, the dynamics for charge
recombination are dependent on oligomer length, with an increase between OPE1-NI and OPE3-
NI, followed by a decrease to OPES-NI.

Energetics for Photoinduced Electron Transfer and Charge Recombination. To
understand the effect of donor conjugation length on the ET driving force, electrochemical
experiments were conducted to estimate the energetics for all members of the series. The
electrochemical results (Figure S29) and excitation energies are summarized in Table S3. The
driving force, AGs, of the charge separation in the OPEn-NI compounds in a series of solvents

was estimated by equation 7:2% 5

AGes = elBox = Ereal = Boo — reoi— — o= (5 + ) (= - 2] ™)

4megEsRpA 8meg r Eref Eg
where the driving force of electron transfer, AG, is given by the difference between the oxidation

potential of the OPE donor, Eox, the reduction potential of the NI acceptor, Ereqd, the zero-zero
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transition energy, Eoo, calculated from the absorption and emission spectra of the LE state in
hexane solution, and the Columbic correction term. In the latter term, e is the charge of an electron,
&rer 1s the dielectric constant of the solvent used in electrochemical measurement (DCM, 8.93), &
is the dielectric constant of the solvent and Rp is the center-to-center distance between donor and
acceptor units, which was calculated from DFT B3LYP 6-31G* (Figure S30), €, is vacuum
permittivity and »* and - are the radii of the positive and negative ions.

Figure 7 shows the correlation of driving force, AG.s , as a function of solvent dielectric
constant, €. The estimated AG.s values on the electron transfer from OPEn-NI (n = 3 and 5) to
give OPEn""-NI"" are negative in all the solvents, indicating that ET is exothermic. However, note
that the process is only weakly exothermic in hexane and becomes considerably more exothermic
in THF and DCM. This explains the observations from the spectroscopic studies, which suggest
that ET is slow in the non-polar hydrocarbon solvent. Interestingly, the obtained values of driving
force for OPEn-NI (n = 3 and 5) are in excellent agreement with the energy of the CT emission as

calculated from the spectra in Figure 1 (Table S4).
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Figure 7. Driving force (AG) for the photoinduced charge separation in OPEn-NI oligomers as a
function of the solvent dielectric constant. AGcs values were estimated by using equation 7.
Discussion

This study investigated the effect of incorporation of the 1,8-naphthalimide electron acceptor
on the photophysics of a set of three oligo(phenylene ethynylene)s. The goal of the study was to
examine photoinduced electron transfer where the OPE acts as the donor, and the NI moiety is the
acceptor. Previous work has demonstrated that when electron donating substituents are linked to
the 4-position of the NI moiety the compounds exhibit charge transfer (CT) absorption and

fluorescence.32-3¢

Comparison of the absorption spectra of the of the OPEn-NI series with the
parent OPEs reveals significant differences due to the NI acceptor (Figure 1). In particular, OPE3-
NI features a distinct, red-shifted CT absorption band that is solvatochromic. In OPE5-NI a CT
absorption band overlaps with the locally excited (LE) absorption of the phenylene ethylyene
oligomer. The assignment of the absorption bands to CT is augmented by the 2-photon absorption
spectra (Figure 2), where it can be clearly seen that the CT bands are distinct and enhanced in 2-
photon. Each of the OPEn-NI oligomers exhibits a broad, red-shifted fluorescence, the energy of
which varies strongly with solvent as expected for CT state.

A key objective of this work was to explore whether the variation in conjugation length of the
phenylene ethynylene oligomer gives rise to differences in the energy or structure of the CT excited
state. The key question is whether extending the conjugation length of the “donor” OPE segment
gives rise to a difference in the structure and dynamics of the CT state. A previous study of a
series of oligo(thiophene)s linked to the NI acceptor showed that the energy of the CT state

continuously decreased with increasing length of the oligo(thiophene) up to eight thiophene repeat

units. This suggested that in the CT state, (Tys)"-NI, the hole (+) that is on the oligothiophene

24



segment is stabilized by delocalization across the entire oligomer segment. In the present study of
the OPEn-NI series, the spectroscopic and dynamics results suggest that there are relatively small
differences in the degree of CT in OPE3-NI and OPES-NI. In particular, the CT emission is only
slightly red-shifted in the longer oligomer, the 2-photon absorption spectra in the CT region are
very similar (750 — 950 nm, Fig. 2), and the transient absorption spectra and dynamics in the more
polar solvents (THF and DCM) are closely similar. Taken together, we interpret the results as
suggesting that structure of the CT state, OPEn™"-NI"", is similar in the two oligomers, with the
hole (+) that resides on the OPE segment being mainly localized on the first three phenylene
ethynylene repeats as suggested by Scheme 1. Apparently, the extra stabilization of the hole (+)
that would be provided by delocalization across the entire oligomer is not sufficient to overcome
the Coulombic binding energy in the CT state that localizes the charge in proximity to the NI
acceptor.

Scheme 1. Photoinduced electron transfer process in OPE3-NI and OPES-NI oligomers.
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Summary and Conclusions

This work has explored the photophysics of a series of oligo(phenylene ethynylene) oligomers

that feature a 1,8-naphthalene imide acceptor moiety linked to the oligomer terminus. The
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properties are compared carefully with a series of oligomers that lack the NI acceptor. The results
reveal that the NI acceptor exhibits a profound change in the photophysical properties, especially
in moderately polar solvents. The fluorescence and ultrafast transient absorption results indicate
that initial excitation produces a locally excited state, but this state rapidly undergoes a transition
to a charge transfer state, where the OPE segment acts as the donor and the NI is the acceptor.
Comparison of the photophysical properties of the oligomers with different lengths suggests that
the structure of the CT state is not strongly influenced by conjugation length. This leads to the
conclusion that the hole (+) is relatively localized on the first three ethynylene units in the CT
state.
Supporting Information Available: Complete details concerning the synthesis and
characterization of the compounds, NMR spectra, fluorescence spectra in different solvents,
nanosecond transient absorption spectra, additional femtosecond transient absorption spectra,
femtosecond transient absorption lifetime data, cyclic voltammograms, table comparing calculated
and experimental CT state energies, DFT calculated oligomer structures with D-A distances.
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